Two new zinc(II) coordination compounds have been synthesized by the reaction of diazine-ring containing Schiff bases di(2-pyridyl) ketone phthalazine-1-hydrazone (HzDPK) and di(2-pyridyl) ketone 3-chloropyridazine-6-hydrazone (HpDPK) with zinc(II) salts in acetonitrile in the presence of triethylamine. The crystal and molecular structures of the complexes and that of the ligand HpDPK were determined by single-crystal X-ray structure analysis. In both complexes, zinc atoms are situated in distorted octahedral environments, formed by two meridionally coordinated NNN tridentate, mono-deprotonated ligands. Since the applicability of the coordination compounds depends on their thermal properties, the thermal decomposition of the ligands and their complexes was followed by simultaneous TG-DSC measurements. The desolvation process of the complexes is rather slow as a consequence of a restricted diffusion through the lattice and finishes * 200°C. The desolvated compounds are stable up to 340°C. In order to follow the solvent evaporation and to have a better insight into the decomposition mechanism of the compounds coupled TG-MS measurements were carried out.
Introduction
Carcinogenesis underlies complex mechanisms and to address single target approaches is inadequate to prevent prevalence and deaths from the disease. The resistance of the human tumour to multiple chemotherapeutic drugs was recognized as one of the most important reasons for the failure of cancer therapy so it became a focus of cancer research. The phenomenon called multidrug resistance (MDR) subsequently appeared as a major impediment to the curative treatment of a variety of malignancies [1, 2] . MDR caused by specific membrane transporters, such as ATP-binding cassette (ABC) or copper transporters, as well as other causes of drug resistance, hamper successful cancer chemotherapy [3] . Schiff bases can be involved in the prevention of MDR, besides, they show a broad range of biological activity, including analgesic, anti-inflammatory, antimicrobial, anti-tubercular, anticancer/antitumor, anticonvulsant, anti-diabetic and anti-hypertensive properties [4] . Some of them exhibit higher activity than the precursor drug [5] . Furthermore, their lower toxicity compared to hydrazines is also important [6] . Compounds with diazine [7] can be used also as precursors in the synthesis of new Schiff bases. One of them, 1-hydrazinophthalazine hydrochloride (HzÁHCl) was one of the first used vasodilators and still has been used in some urgent cases [8] . The hydrazino group plays a key role in its reactivity in vivo [9] and in vitro environment, too. Hydrazinophthalazine itself is a chelating, practically bidentate ligand and with metal ions forms five-membered metallacycles [10] . The other diazine compound with less bulky structure, 3-chloro-6-hydrazinopyridazine (Hp), has comparable coordinational properties. Both contain hydrazino group which in the reaction with carbonyl compounds give Schiff bases.
One of the possibilities to enhance the pharmacological potency of biologically active compounds is their complexation with metals [11] . Some diazine-hydrazone coordination compounds which exhibited remarkable antiproliferative effect have already been synthesized by our group [12] so, the design, synthesis and characterization of similar Schiff base type ligands and their metal complexes make this topic promising for the further research.
In this work, we present the synthesis of two Schiff base type ligands, di(2-pyridyl) ketone phthalazine-1-hydrazone (HzDPK) and di(2-pyridyl) ketone 3-chloropyridazine-6-hydrazone (HpDPK) and their new zinc(II) complexes. The structures of the HpDPK ligand and the complexes were determined by single-crystal X-ray diffraction method and confirmed by FT-IR, molar conductivity and thermal measurements, too. The desolvation of the complexes and the decomposition mechanism of the compounds were evaluated using data obtained by coupled TG-MS measurements.
Experimental
Materials 1-hydrazinophthalazine hydrochloride (HzÁHCl), 3-chloro-6-hydrazinopyridazine (Hp), di(2-pyridyl) ketone (DPK) and acetonitrile were from Sigma-Aldrich and used as received.
Preparation of the ligands
Di(2-pyridyl) ketone phthalazine-1-hydrazone (HzDPK)
In 50 cm 3 round-bottom flask HzÁHCl (7 mmol, 1.38 g) was dissolved by heating in 30 cm 3 EtOH:H 2 O = 1:1 mixture. Di(2-pyridyl) ketone, DPK, (7 mmol, 1.29 g) was dissolved in 5 cm 3 EtOH and combined with the initial solution. The reaction mixture was refluxed for 1.5 h, then solid LiOAcÁ2H 2 O (7.35 mmol, 750 mg) was added to it and continued the reflux for further 30 min. The hot mixture was transferred into a beaker and cooled down to room temperature. The formed precipitate was separated by filtration through a fritted glass funnel, washed with 3 cm EtOH and twice by water (5 cm 3 ) and dried on air. Yield: 2.0 g, 88%.
Di(2-pyridyl) ketone 3-chloropyridazine-6-hydrazone (HpDPK) 
Measurement methods
IR data were collected on a Thermo Nicolet Nexus 670 FT-IR spectrometer at room temperature in the range of 4000-400 cm -1 with resolution of 4 cm -1 using KBr pellets.
The molar conductivity of freshly prepared 1 9 10 -3 mol dm -3 solutions of the complexes in N,N-dimethylformamide (DMF) was determined at room temperature using a digital conductivity metre (Jenway 4510).
Thermal data were collected using TA Instruments SDT Q600 thermal analyser coupled to Hiden Analytical HPR-20/QIC mass spectrometer. The decomposition was followed from room temperature to 550°C at 10°C min Single-crystal X-ray diffraction experiments were carried out at 295 K with Mo Ka radiation using a Gemini S diffractometer (Oxford Diffraction). For HpDPK, empirical absorption correction using spherical harmonics was performed with the CRYSALIS PRO [13] . For [Zn(HpDPK-H) 2 ]ÁCHCl 3 and [Zn(HzDPK-H) 2 ]ÁCHCl 3 , analytical numeric absorption correction using a multifaceted crystal model, followed by empirical absorption correction using spherical harmonics, has been applied. Structures were solved with the SHELXT [14] and refined with the SHELXL [15] . Carbon-bonded hydrogen atom parameters were refined using a riding model, while nitrogen-bonded hydrogen atom in HpDPK was freely refined with isotropic displacement parameter. The SHELXLE [16] was used as a graphical user interface for refinement procedures. Structures were validated by using Cambridge Structural Database (CSD) [17] and Mercury CSD [18] [19] .
A disorder of CHCl 3 molecule is observed in the structure of [Zn(HpDPK-H) 2 ]ÁCHCl 3 . To achieve reasonable geometry of disordered molecules, ADP and distance restraints were applied. The specimen of [Zn(HzDPK-H) 2 ]ÁCHCl 3 was a non-merohedral twin, with 180°rotation around c* axis as a twin law. The Bragg reflection intensities were measured in a full-sphere of reciprocal space in the range 2h \ 52.6°, with a total of 29,574 reflections collected, 22,691 of which are overlapped and 6883 isolated. Structure solution was obtained by processing 18, 556 reflections belonging to twin component 1 in HKLF4 format using SHELXT (among these, 15,123 were overlapped reflections, the intensities of which were determined by deconvolution). For the final refinement cycles, 29,574 reflections were merged to 11,935 reflections in HKLF5 format.
Crystallographic and refinement details of HpDPK, [Zn(HpDPK-H) 2 ]ÁCHCl 3 and [Zn(HzDPK-H) 2 ]ÁCHCl 3 are shown in Table 1 .
Results and discussion
The ligands have been synthesized as free bases. By concerning the diazine ring, each ligand can be present in two prototropic tautomeric forms (Fig. 1) . As the single-crystal X-ray diffraction measurement confirmed that HzÁHCl exists in the diazine ring in -NH tautomeric form [20] it was expected to keep it in its Schiff base HzDPK, too.
To assure the targeted coordinating properties of the ligands in the reaction with zinc(II) salts triethylamine as base was applied which led to the formation of neutral bisligand metal complexes with deprotonated ligands. MeCN/ CHCl 3 solvent mixture found to be the best for obtaining X-ray quality single crystals. Complexes were crystallized in the form of chloroform solvates. As all the free nitrogen atoms in the complexes have tertiary character, the hydrogen bond formation is not possible.
Crystal and molecular structures
The HpDPK molecule (Fig. 2) significantly deviates from planarity due to twisting of the pyridine rings in order to avoid steric clashes. The magnitude of the twisting is best perceived through torsion angles and s(N3-C6-C1-N1) = 10.2(2), and s(N3-C6-C7-N2) = -138.41(13)°. The reason for unequal magnitudes of twisting is the involvement of N1 atom in hydrogen bonding interaction with N4-H4A fragment of the hydrazone group. Geometrical parameters of this interaction are: N4ÁÁÁN1 = 1.946(18) Å , N4-H4A = 0.888(18) Å , H4AÁÁÁN1 = 2.6263(18) Å , N4-H4AÁÁÁN1 = 132.1(16)°. Additionally, the valence angles around C6 significantly deviate from ideal values, so that angle N3-C6-C1 equals 127.21(12)°a nd N3-C6-C7 angle is 111.68(11)°. These peculiar geometrical parameters are also observed for some structurally related di-2-pyridylketone hydrazones [21] [22] [23] . The 1 H NMR spectrum is in accordance with the HpDPK molecular structure and the observed hydrogen bonding, too (Supplementary Material, Figure S1 ). 2 ]ÁCHCl 3 are depicted in Fig. 3 , while the selected structural parameters are given in Table 2 Table 2 ). Ligands are coordinated through pyridine (N1), azomethine (N3) and diazine (N5) nitrogen atoms, thus forming two fused five-membered metallacycles. The metallacycles show a high degree of planarity, with the exception of Zn1-N1A-C1A-C6A-N3A ring in the complex [Zn(HpDPK-H) 2 ]ÁCHCl 3 , which has envelope conformation with N3A as the pivot atom. Metal-ligand bond lengths are within expected values, with a notable trend that nitrogen atom N5 contribute to the shortest bond, and nitrogen atom N1 contribute to the longest bond within the coordination sphere.
The lengths of chemically equivalent bonds between the metal atom and ligator atoms belonging to two coordinated ligands, except of the bonds involving pyridine nitrogen N1, are in agreement within ca. 0.02 Å . In [Zn(HpDPK-H) 2 ]ÁCHCl 3 , the difference between Zn1-N1A and Zn1-N1B bond lengths is ca. 0.03 Å (2.223(3) and 2.168(2) Å ), while the difference between Zn2-N1D and Zn2-N1C bond lengths is ca. 0.05 Å (2.185(3) and 2.153(3) Å ). Thus, Zn1-N1A and Zn2-N1D bonds are significantly longer compared to the rest of the bonds of the coordination polyhedron. On the other hand, in [Zn(HzDPK-H) 2 ]ÁCHCl 3 the Zn1-N1A and Zn1-N1B bond lengths are by far the longest bonds in the coordination polyhedron (2.258(3) and 2.281(3) Å , respectively).
The CSD contains the structural data for three previously reported octahedral Zn(II) complexes with structurally related 1-hydrazinophthalazine and 3-chloro-6-hydrazinopyridazine-based Schiff bases, refcodes: DIT-QOO [24] FARCEI [25] and CAJJAB [26] . In DITQOO and FARCEI structures, coordination mode of the tridentate ligands is analogous to that of HpDPK, while in CAJJAB both nitrogen atoms of the pyridazine ring are involved in coordination, thus forming a bridge between two metal atoms.
Intra-ligand bond lengths have typical values for sp 2 hybridized atoms and are in accordance with the literature data [24] [25] [26] . The N3-C6 and N6-C15 bonds have lengths that correspond to localized double bonds. By inspection of structures of related compounds in the CSD, it is evident that in 1-hydrazinophthalazine-based Schiff bases the hydrogen atom is located within pyridazine ring on nitrogen atom N5, while in 3-chloropyridazine-6-hydrazonebased Schiff bases the hydrogen atom is located within hydrazone group at nitrogen atom N4 (which is in accordance with the structure of HpDPK). The ligands HpDPK and HzDPK are coordinated in monoanionic forms, and they are deprotonated at different positions. However, the negative charge in both cases is delocalized within C12-N5 
FT-IR characterization
Due to complex formation, the mC=N and mC Ar -N bands in the spectra of the complexes are shifted to lower frequencies compared to those in the ligands (Table 3 ). The complexes have been obtained in the form of chloroform solvate but due to the high volatility of CHCl 3 even at room temperature, it cannot be unambiguously detected in their IR spectra.
Thermal analysis
Simultaneous TG-DSC measurements
As the thermal properties of new compounds often limit the practical applicability [27] [28] [29] [30] [31] [32] [33] , the ligands and the corresponding zinc(II) complexes were thermally characterized.
In Fig. 4 the DTG curves of the ligands and the corresponding complexes are presented. DTG patterns show that the ligands have been obtained in a solvate-free form. The HzDPK has a relatively high thermal stability and starts to decompose at 239°C DTG onset. The decomposition takes place in two main overlapping steps to 416°C and afterwards slows down. HpDPK decomposes in a seemingly one-step process in the temperature range of 230-322°C. The successive decomposition of the HzDPK can be explained by the separated fragmentation of the bulky, condensed-type phthalazine ring. The sharp endothermic peaks on the DSC curves refer to the melting of the ligands (Fig. 5) The melting peak (t peak = 245.6°C) of HzDPK is immediately followed by its decomposition (t peak = 283.8°C). HpDPK melts at much lower temperature (t peak = 144.3°C) and remains stable up to DSC onset 281°C.
Both the complexes have been obtained as chloroform solvates and lose solvate even at room temperature (Fig. 4) 
TG-MS measurements
Coordination compounds often crystallize with solvent. However, during storage or transport the solvent might be lost or replaced by water [34] . In these cases, the data obtained by TG-MS measurements give crucial data for the purity check by elemental analysis. TG-MS measurements were carried out to check the solvate evaporation of the complexes and to determine the decomposition processes of all the compounds. The characteristic m/z fragments of HzDPK decomposition process are shown in Fig. 6 . The m/z = 16, 17 and 18 fragments most probably refer to the evolution of NH 2 ? , NH 3 ? and NH 4 ? in changing proportions. Fragment m/z = 30, in the accordance with structure of the compound, can be assigned to methylamine (CH 3 NH 2 ), m/z = 32 to hydrazine (N 2 H 4 ) and m/z = 44 to ethylamine (C 2 H 5 NH 2 ). HpDPK thermal decomposition fragments are presented in Fig. 7 with the same m/ z assignments.
The presence of the CHCl 3 solvent has been confirmed in both complexes. In contrast to the ligands, during the decompositions of the complexes, pyridine as a fragment can also be detected in the MS spectra.
The Relative intensity/a.u. According to single-crystal X-ray analysis, HpDPK contains intramolecular hydrogen bond which was proved by NMR measurement, too (See Supporting Information). Zinc atoms in both complexes are situated in a distorted octahedral environment, formed by two meridionally coordinated NNN tridentate, mono-deprotonated ligands. Ligands are coordinated through pyridine, azomethine and diazine nitrogen atoms, thus forming two fused fivemembered metallacycles. FT-IR spectra of the complexes show the coordination of the ligands as the characteristic bands are shifted to lower frequencies. By TGA and TG-MS measurements the solvent content of the complexes was evaluated. It was found that chloroform partially evaporates during the storage and in part is replaced by water molecules. The desolvated coordination compounds have a significantly higher thermal stability than the corresponding ligands. All compounds practically decompose in one step giving small fragments which mainly belong to ammonia. Fragments with a higher m/z ratio belong to pyridine or alkylamines. Synthesis and characterization of diazine-ring containing hydrazones and their Zn(II) complexes 451
